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contaminated air is studied in four stages, The first stage is pariiculate
heating and vaporization, Simple mndels are uszd to predict the time to
waporization ai the particle suvface, the time tn vaporize a given fraction
of the particle, and the pressure of the vapor imniediately above the
particle surfac2, The second stage is the heating o1 tle vapor cloud,
heating rate is calculated under two approximacions. Jor a-short-time
period after the vapor cloud is formed, its central region is.assumed to

Dbe effactively insulated from the air, and thermal coniduction losses can be
doeglected. At later times Siarmal conduction losses aré important thfoughd
out the whole cloud; _then a mrdel ia which the conduction logses are
.averaged aver the volume of the vapor is used, Using these models we are
«ahle to estiznate-the time for the vapor cleud te reach a high temyerature
_(nominally chosan to bs 20, i)f.‘;C‘r‘\I-(,\ and the minimum iaser intensity required
to heut the vapor.cloaud. The third stage of the breakdown process is the
creation of air plasma. An cstimate is made of the temperature the
surrcunding air muet reach in order to readily absorb the laser erergy.
Then, from crude estimates of the energy flux into the air, the rate of expay
gion of the plasina into the air is deterimined, The finnl stage is the growth
of the air plasma. The growth is followed as a junction of time for various
values of the initial air plasma size and the laser intensity,
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ABSTRACT

Of the physical effects that limit the propagation of a high intensity
laser beam through the atmosphere, air breakdown has the most catas-
trophic influence, Completely ionized air attenuates 10. 6 radiation within
a few centimeters, It is therefore imperative that the threshold for air
breakdown under realistic circumstances be determined. In this report
the physics of long pulse laser-induced breakdown process in particle-
contaminated air is studied in four stages., The firsc stage is particulate
heating and vaporization, Simple models are used to predict the time to
vaporization at the particle surface, the time io vaporize a given fraction
of the particle, and the pressure of the vapor immediately above the
particle surface, The second stage is the heating of the vapor cloud. The
heating rate is calculated under two approximations, For ashort time
period after the vapor cloud is formed, its central region is assumed to be
effectively insulated from the air. and thermal conduction losses can be
neglected, At later times therm=zl conduction losses are important through-
out the whole « oud; then a model in which the conduction losses are
averaged over the volume of the vapor is used, Using these models we
are able to estimate the time for the vapor cloud to reach a high
temperature (nominally chosen to be 20, 000°K) and the minimum laser
intensity required to heat the vapor cloud. The third stage of the break-
down process is the creation of air plasma, An estimate is made of the
tamperature the surrounding air muat reach in order to readily absorb
the laser energy. Then, from crude estimates of the energy flux into the
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air, the rate of expansion of the plasma into the air is determined. The <
final stage ia the growth of the air plasma., The growth is followed as a 1
function of time for various values of the initial air plasma size and the : ‘

laser intensity.
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l. INTRODUCTION

Of the physical effects that limit the propagation of a high intensity ' 1

i laser beam through the atmosphere, air breakdown has the most catastrophic
influence. Completely ionized air attenuates 10,6l radiation within a few

centimeters. It is therefore imperative that the threshold for air break-

‘.

down under realistic circumstances be determined,

Studies of the breakdown threshold in clean air and the noble gases

are numerous, and observed thresholds are in good agreement with an

extension of microwave breakdown theory to optical frequencies. When air

is contaminated with particles, it has been observed that the breakdown

I R 5 WP S PR TN TR

threshold is lowered substantially below the clean air value. The mecha-

R et LR S e LG i

nisms by which particles induce breakdown are not clearly understood.

However, it is generally accepted that breakdown occurs as a result of

vaporization of the particles, heating of the vapor and surrounding air, and

T e TR W TP W LT

ultimately ionization and ""breakdown' of the air within the laser beam volume.
The sequence of events and the detailed physical processes that occur is

strongly dependent upon laser intensity, wavelength and pulse time,

e Te TET ATIERR R e T T

At 10,6 um and for short laser pulses (< ] Usec) the observed breakdown
threshold is one to two orders of magnitude lower than the clean air value for

1
particle sizes from 3 Wm to approximately 30 Um in diameter. The threshold

TR R TR R

is fairly insensitive to the particle materials that have been studied and

et %t e

decreases with increasing parvicle diameter. In addition, for a pulse length of

el it R BN

approximately 100 nsec, Lencioni® has found that the breakdown threshold in the

presence of particles scales as the inverse square of the laser wavelength. This

£ i
e . is consistent with cascade breakdown in either the particle vapor or the air L
* surrounding the particle. Triplett and Boni3 have performed a theoretical

Q{ study of the interaction of laser radiation with a single suspended particle.
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- Their analysis applies only when the laser intensity is sufficiently large that
the rapidly evaporating or '"exploding'' particle drives a strong shock wave

i into the surrounding air. Breakdown then occurs via a nonequilibrium

i cascade processin either the vapor or shock heated air. Calculations

indicate that reductions in the breakdown threshold of slightly greater than

one order of magnitude below that of clean air are feasible by this mechanism. 3
‘ An experimental study of laser-induced breakdown in contaminated

air with long (100 usec) 10.6 um laser pulses was performed by Schlier,

] Pirri and Reilly.4 The rnost significant result of this study was that the
lager intensity for breakdown in contaminated air was almost three orders

i of magnitude below the clean air value. This result is one to two orders

of magnitude below experimental and theoretical predictions for breakdown
with microsecond or submicrosecond pulses. In addition, an "incubation'
[ time or delay time between laser turn on and breakdewn (as de . cted by a

reduction in the transmitted laser power) was observed. Luminous plasmas

were observed during the incubation period. Often a plasma was seen but no

E l breakdown o;.c:\‘u'red.' There is at present no theoretical understanding of the

4 contaminated air breakdown mechanisms for these long laser pulses (> 10usec).
Since the observed delay times are 10 - 30usec, the breakdown mechanism cannot
'5 be nonequilibriurm cascade ionization of shock heated air o vapor. It appears
that the vapor formed by the evaporating particle heats in local thermodynamic
equilibrium and transfers its energv to the surrounding air by conduction and
radiative transport. The air ultimately heats via inverse Bremsstrahlung

] absorption until the formed plasma becomes opague to the laser radiation.

This plasma formation mechanism is similar to that which leads to the ignition

of laser-supported combustion waves above surfaces. 3.6 The wavelength

| dependence of long pulse thresholds is unknown at present.
In this report the physics of long pulse laser-induced breakdown process
in particle - contaminated air is studied in four stages. The first stage, which

is discussed in Section 2, is particulate heating and vaporization. Simple
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models are used to predict the time to vapurization at the particle surface,
the time to vaporize a given fraction of the particle, and the pressure of
the vapor immediately above the particle surface. The second stage, the
heating of the vapor cloud, is analyzed in Section 3. The heating rate is
calculated under two approximations. For a short time period after the
vapor cloud is formed, its central region is assumed to be sffectively
insulated from the air, and thermal conduction losses can be neglected.

At later times thermal conduction losses are important throughout the

whole cloud; then a model in which the conduction losses are averaged

over the volume of the vapor is used. Using these models we are able to
estimate the time for the vapor cloud to reach a high temperature (nominally
chosen to be 20, OOOOK) and the minimum laser intensity required to heat the
vapor cloud. The third stage of the breakdown process, the creation of

air plasma, is studied in Section 4, An estimate is made of the temperature
the surrounding air must reach in order to readily absorb the laser energy.
Then, frcm crude estimates of the energy flux into the air,the rate of expan-
sion of the plasma into the air is determined. The final stage, the growth
of the air plasma, is analyzed in Section 5. The growth is followed as a
function of time for various values of the initial air plasma size and the
laser intensity,

A plot of the experimentally determined threshold intensity versus

time to breakdown is shown in Fig. 1.1 for 10.6p radiation) Tﬁe region

of interest in this report is the intensity range from 3 x 106 W/cmz to

8 x 106 W/cmz. Spherical particles of A1203 having a diameter of 30um
are observed to cause breakdown within 20 to 100usec from the baginning

of the pulze. Glass fibers also !ead to similar breakdown times, but they
are not analyzed in this report. For comparison with data, numerical
calculations are rnade in each section for A1203 particles 30um in diameter

exposed to 10. 64 radiation of intensity between 3 x 106 W/cm2
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Fig. 1.1 Measurements of Air Breakdown in the
Presence of Particulate Matter
(From Ref, 1)
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Due to the complicated coupling between heating, vapor and air dynamics

ki

simple scaling laws for the variation of breakdown time and threshold as

; a function of laser wavelength and particulate composition can not be given,

However, in each stage, the important parameters of the breakdown process
E ' which change with wavelength and particulate composition are identified. i 3
T In Section 6, this report is concluded with the calculation of the entire | !
{ 6 : 1
breakdown sequence for a lasger intensity at 5 x 10 WIcmz. The conclusions i
: of each of the four stages are summarized and experiments are suggested. 1
?’ 1
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2. PARTICULATE {EATING AND VAPORIZATION

A particulate exposed to a laser beam absorbs energy and thereby i
increases its temperature. If the beam is intense enough the particle may ;
reach the vaporization temperature. Many interesting phenomena can

occur during the process; for example, the particle may move due to the

pressure of the vapor, or the particle may shatter because of unequal

heating. However, for the purpose of estimating breakdown thresholds

the important quantities are the size and composition of the vapor cloud
formed by the particle. Inthis section, therefore, simple models are 1
employed to characterize (1) the time when bulk vaporization begins,

(2) the time required to vaporize an arbitrary fraction of the particle, and
(3) the pressure of the vapor above the particle surface.

The optical propzrties of the particulate are determined by its

o bt v HA e e e i 1. b B S S

index of refraction which has both a real part n, and an imaginary part

n, and by the ratio of the radiation wavelength ) to the radius R

of the particulate. For R << )\ the Rayleigh limit for the absorption cross
section is approached. For large particles, R >> )\, geometric optics applies.

If, in addition, the complex index of refraction n obeys I n-1 l << 1 and

e SR I a2 T e D S At

4n nz/Rx < 1, the cross section is given by volurne absorption with the bulk

absorption coefficient ¢ defined by

o= 4ﬁnz/x (2.1)

Alternatively, if 4nn2R/1 >» 1 the particle acis 28 a surface absorber.
. . 7
Whenever none of the above mentioned limiting cases applies, Mie theory

should be used.
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The optical constants for A1203 are required input for any deter-~

mination of the amount of laser energy absorbed. Unfortunately ny and n,

vary rapidly with temperature, wavelength and method of experimental
8,9,10

et

determination. The values reported by several authors are listed
in Table 2. 1. Clearly the experiments based upon particulates differ

from the results obtained from bulk samples. According to Toon and

b i itin, M2

Pollack, 8 experiments using particulates are difficult to interpret correctly. 3
We therefore base our estimates upon the b. lk sample experiments. The
values for n, from Ref. 10 are shown iu Fig. 2.1 for various temperatures A
and wavelengths. The imaginary point of the index of refraction is seen
to increase rapidly with wavelength near 10,6 um for Al_O, at room 3

2°3
temperature. At higher temperature, however, the increase with wavelength

is less significant. In breakdown studies the particle is heated from room

A 2 s 1 e it

temperature to the vaporization temperature of 4000°K. Clearly reliable

values of the index of refraction over the full temperature range from

300°K to 4000°K are a prerequisite for accurate predictions. In their

A SBABIEL ad e En bt £

absence,the values of n) =.8 and n, = .2, which were reported in Ref. 10

at T = 1773°K, have been used to characterize the entire heating process.

20 2 Enadtace, 2

This choice is logical because most of the energy needed to vaporize the

i THE

particulate must be supplied at the boiling temperature; therefore, the high A
temperature values of n, are most important.

For n, =. 2 and a radius of 154, the product of absorption coefficient
and R for 10,6 4 radiation is 3.6, Mie theory should normally be used in

order to describe this regime. Unfortunately the standard Mie theory

L O RS S SR SRR

1< 1, and results predicted by it are not :

guaranteed reliable. Furthermore the code provides information on the scatter-

codeu has not been tested for n

ing rather than the local deposition within the particulate, 12 Instead of ,
modifying the code extensively to overcome these shortcomings, we '
resorted to ray optics to predict local energy deposition. 13 The Mie

code was used to estimate total absorption and to lend credance to the ray

theory prediction.
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TABLE 2.1

Experimental Values of the Index of Refraction of Ale3

Temperature| X\ =10y A =10.6 A=11y Ref. Sample

nl nz nl nz 1‘11 nz

3
4
9
Y
]

R

293 K .92 .018 .30 .089 | 8 Bulk
293K 488 048 10 Buk - . |3

300 K 1.15 3,83 o 31 .0106 9 Particulate

- ’ 1773 K .857 .19 10 Bulk

2000 K .978 1.31 .713 .34 9 Particulate
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I ray optlct-. *‘he path of the radiation through the particulate is

determmed by the real part of the index of refraction and by Snell's law,

ng sin 8 = sin GA (2.2)

whexa 0 Nis the angle between tie ray in the air and the normal to the

-surface, 0.is the angle between the ray in the particle and the normal to

the surface, and the index of refraction of air has beean set to one. Typical
rays for n; » 1l and n) < 1 are shown in ¥ig, 2.2 22 and 2.2b respectively,
The absorpticn of the racha.twn is characterized by the bulk attenua-
tion coefficient ¢ = 41 nzlk. ‘The local rate of deposition 153 = gJ where I
is the local radiation flux, Intersus of the distance z aiong *.he ray from
the particulate surface ahd. the' incide.it laser flux, den . d by I_ o the 10:.41
deposition attributzble to a given ray is a I o e 2, Therefore the total

absorgtion of the particle can be written as

ymax 2R cos 8

2n f y dy f dza e ** I_

0 | 0

where y is the displacement of the incident ray from the ray pzssing through

the center of the particle as shovr in Fig. 2.2. Application of Snell's law

2
sin” ©
Roeous 8 =R &'/i-—"_z‘é“: ‘/RZ'Yz/nlz .

ny

vields

The maximum value of y in the integration is R if n, »land R n, if n, < 1.

The total energy absorbed by the pai.’ ulate can then be expressed as.

Ioﬂ Rz F, where the efficiency factor F is defired as 14
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Results obtained by using Eq. (2. 3) with n, =. 8, n, =. 2 and
A = 10,6y are given in Fig. 2.3. The values predicted by the Mie code
are shown for comparison. Three limiting cases are also plotted; they

are (1) the Rayleigh limit

2
F=_83}\R Im nz-l
n +2

(2) the surface absorber limit

wh.ere n=n; -in,,
F = nl2 R
and (3) the volume absorber limit
4R 2
F = 3 n1 Q .

The Mie code approaches the Rayleigh limit for small R, thereby suggesting
that the code is reliable even for n, < l. The ray optics prediction approaches
the surface absorption limit for large R and volume absorption limit for

small R. This behavior for small R is the correct mathematical limit for

ray theory, but is not the correct limit for the physical phenomenon since

the requirement A << R is no longer met. Inthe regime of interest, R = 15,

ray theory predicts 61% absorption whereas Mie theory predicts 87% absorption.
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The value from Mie theory will be used for calculations which require only
the total energy absorbed. For calculations concerned with local energy
deposition the ray theory predictions will be used to suggest the maximurn
energy deposition rates within the particle. The assumption we imake in
this ap roach is that the enhanced absorption of Mie theory comes from
stronger absorption in regions where ray theory does nct predict much
absorption, whereas the maximum absorption rates whicn generally prevail
are unaltered,

The discrepancy between the two theories suggests that calculations
accurate to better than 30% require a complete analysis using full Mie
theory to study deposition. Such an ambitious project should not be under-
taken, however, without also understanding how to incorporate the effects
of both spatial variations of the index of refraction (caused by non-uniform
heating) and non-uniform surface recession (caused by vaporization). (Of
course many cther factors, such as particle motion, which are neglected
in this report, are also important for more accurate calculations.)

Prediction of the time when vaporization commences requires
information about local energy deposition. We can qualitatively study
local deposition via ray theory. In Fig. 2.4 several rays are shown
striking an Ale3 particle. The path of the ray directed towards the center
is not changed, therefore the energy deposition along its path is proportional
to q,e-o‘z where 2z is the distance along the ray from the front
surface. Two competing processes influence the deposition rate at other
interior.points, The convex shape of the interface causes rays to diverge
after passing into the particulate, hence the intensity in the interior drops
faster than e %% due to the geometric spreading. On the other hand, the
initial effect of the change in direction on passing through the interface is
to squeeze the rays together, thereby creating a more intense beam. | There =
fore, at the surface, the intensiiy, and hence the absorption per unit volume, is
enhanced. The numbers in Fig. 2.4 associated with each ray in the relative

intensity immediately inside the particulate. The numbers along the central

’
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ray represent the intensity at interior points if defocussing is neglectec.
It is evident that '"hot spots'' exist where energy is absorbed much more

quickly than over the rest of the surface. The bulk of the particle surface,

PP TP SIS UVIN T WY SRR TRLFTN.}

however, absorbs at a rate only minimally above the absorpticn rate for the

T

| central ray. Therefore bulk heating is characterized by a I ,
o

il

Lo st e

The final ingredients needed to predict vaporization time scales
are the thermodynamic properties of A1203 in its various forms. The

J‘ANAF15 tahles were used as sources of melting temperature, specific

heat, free energy and enthalpy of formation for solid A1203, liquid A1203
and the vapor components AlO, AlO,, AL, Al,O,, O,, Oy, Al o', al, 0",

AleZ R O- Oz and Al2 O2 The energy levels and degeneracies of
Moore  were used for the atomic species - Al, Al A1++, O and O+.

o bt . s bl e il i, L

The vapor pressure above the AI?‘O3 liquid surface at any temperature T

was determined by an equilibrium code calculation which solves the
equations relating species concentrationsin thermodynamic eauilibrium. 4
: A plot of vapor pressure versus T is given in Fig. 2.5, along with the ;
« enthalpy of the vapor. The boiling point is thus determined to be 4000°K

| and the heat of vaporization at 4000°K is found to be 2.02 x 10 J/mola. ,
It can be seen from Fig. 2.5 that the enthalpy per unit mass does not i
changs appreciably over the temperature range displayed. A summary
of useful thermodynamic properties of AIZO3 is given in Table 2. 2.
Thermal conductivity and density were taken from the AIP handbook. 17

i The time T, at which the surface begins to vaporize is given by

AL AT B T L

/ : = p Ah/a Io (2. 4) .
i :
¥ |
- g 5
3 |

3 \

i
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Fig. 2.5 Vapor Pressure and Specific Enthalpy of A1203 vapor in

Equilibrium with Liquid AlzC3.
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TABLE 2.2 P
Properties of A1203 Used in Calculation
[ Quantity Symbol Value Ref. k
E
] Density 0 3.8 g/ee 17
F ; Specific heat (average) cp 1.4 1/gK 15 i 4
B Atomic weight A 101. 96 15 -
Thermal conductivity A, .1 W/emK 17 P
< (average)
l Melting temperature Tm 2315 K 15
L Normal boiling point Tv 400 K equilibrium code
¢
Heat of fusion hm 1.19x 1()5 J/mole 15 :

f 1.67x10% 1/g
: 4.43x10% 5/em? ;
i Heat of vaporization hv 2.02x 106 J/mole equilibrium code ja
1 1.98x10% 1/g
: 4 3 !
3 7.53%x10" J/em
‘ Enthalpy difference between | Ah 2.63x 108 J/mole equilibrium code ;
I‘ gas at 4000°K and 1 atm 4 i
E and solid at 300°K 2.58x 20 J/gs and
E Real part cf index of refrac- | n, .8 10 j
D tion (average) 3

Imaginary part of index of n, .2 10

g refraction

-1

£ Bulk absorption coeffient, .1 2370 cm Do

; A =10.6p |
25-
3
X SR R T L s P I e o,
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where p is the solid density and Ah is the energy required to change
A1203 from a solid at room temperature to a vapor at the vapor tempera-=
ture. For the purposes of this calculation Al.‘l:o3 is assumed to vaporize
directly into the equilibrium vapor constituents. It is shown in Fig. 2.5
. that the enthalpy of the vapor does not change appreciably as the vapor

: temperature is raised. Therefore a constant value of Ah = 2,63 x 106

J/mole = 2,58 x 104 J/g is used to calculate T This corresponds to a

il g

vapor pressure of one atmosphere and a vapor temperature of 4600°K,

We find for A = 10, 6 4 thet the fluence required to vaporize the surface is

oot LA ML Sttt D

2 )
I,7,=4L43/em® (2.5)

where Io is the incident laser flux. In the range of intensity of interest,

bulk vaporization commences from 5 to 14 microseconds after start of
2

k] i Ll

the pulse. As an aside it should be noted that the requirement of 41 J/em

T

to cause bulk vaporization does not conflict with the observed breakdowns

IO E R

shown in Fig. 1.1l which occur with only 10 J’/cm2 fluence, These observa-

1 tions are made at high intensities where bulk vaporization is not required

ST SN

to initiate breakdown, Indeed, the ''hot spots' mentioned earlier vaporize

o

before 10 J'/c:m2 is received and their vaporization may be sufficient to

induce breakdown at high intensity. i
The calculation neglected thermal conduction within the particulate q
and conduction losses at the surface to the air. The losses to the air are r

minimal. As will be shown in the Section 3.5 the flux at the surface into

§ the air at time t is given by

1

r R

R EERVE T T (2.6)
-20-
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where )\ is the thermal conductivity of air (5. 85 x 10-3 W/cmK at 4000°K
and one atmosphere), AT is the temperature difference between the surface
and the initial air temperature and K is the thermal diffusivity of air
(32.8 cmzlsec at 4000°K and one atmosphere). The maximum flux occurs
when the liquid reaches the vaporization temperature, but before any of
the heat of vaporization is added. For T = 4000°K, I0 =5x 105 W/cmz,
AT = 3700K, this time is given by t ~ 9.6/10 = 2Msec. Thenq=1.6x 104
W/cm2 is the maximum flux expected to be lost through conduction to the
air. However the rate of energy deposition immediately below the surface
isal = 1.2 x 1010 W/cmz. Clearly the conduction losses can be supplied
by the energy deposited in a very thin surface layer.

A potentially more serious effect is thermal conduction within the
particle. The thermal diffugivity for Ale3 is found from Table 2.2 to be

1.8 x 10-2 cmz/sec. If thermal conduction is ineffectual, the temperature

profile at time t is given by

It <:t.e.°'z

c
P P

T (2) =

where z is the distance from the surface. For this profile, the local source

term due to thermal conduction is

2
dT 3 -0z -
Z—a Iote K—S,I,c

dz

A

which is to be compared to the source term due to laser absorption
ax

S. =al e . Thelir ratio is
L o

S /S, = a?K& .

[P IS S TR CI R

o bl el Vi 4

TC "L
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Ag before the time over which the sources are to be compared is the time
required to reach the vaporization temperature. For Io.= 3x 106 W/cmz
the time is 3 x 10'-6 sec which leads to a ratio of . 3. Therefore, even

at its maximum value, thermal conduction is small comparead to laser
heating.,

Having established the shortest time for bulk vaporization to occur,
we now characterize the time to vaporize a given fraction B of the particle.
In developing a simple model for this process we assume that all the
absorbed energy is effective in vaporizing the particulate. Under the

further assumption that the absorption cross section does not change

significantly during vaporization we find the relationship

3
2 ~ 4m R
tsIonR F—S;:)Ah""'—"-3 (2.7)
where, as before F is the efficiency factorand Ah is the energy required.
For a 15 particle of AIZO3 with F = , 87, the time to change a fraction 8

of the particle to vapor at one atmosphere aud 4000°K is given by

Ity = 2258 J/cm” . (2.8)
Of course for small B the prediction is obviously incorrect - vaporization has
not begun. In the limit of small B the correct time is the sum of tB and T
The approximation should be relizble as B approaches one, however, since
then all the absorbed energy then contributes to the vaporization. The time
=z« predicted by Eq. (2.7) is tabulated in Table 2.3 for three ralues of Io
and chree values of . Clearly a major portion of the observed breakdown
time is spent producing the vapor, It should be kept in mind that the times
predicted by Eq, (2.7) are only rough estimates, It is not known how the

energy absorbed changes once vaporization begins to change the geometry

of the particulaté .
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TABLE 2.3

Characteristic Times for Vaporization of a Alz O3 Particle :
R=15u

T T RN T T R, SR M T T .
o

3 I Te T 125 T 658 1. 00 3

[W/cmz] [Msec] [usec] M sec] [usec] b

GRS )y e i

3 x 106 13.8 9.4 49.4 75

5x 106 8.3 5.6 29.6 45

s i . w5l

8 x 106 5.2 3.5 18,5 28 |

ur

RSV
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time vaporizations commences

= time to vaporize a fraction B cf the particle 5

3
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The second stage of the breakdown process presupposes a pure cloud
of the vapor exists. However, a pure cloud cannot be formed unless the
vaporization rate is much faster than the rate at which the vapor can diffuse
into the air. It is common to assume that a pure cloud will be formed if
the pressure of the vapor at the particle surface is above two or three
atmospheres. An estimate of the pressure of the vapor at the interface
can be made as follows: The mass flux is determined by the heating rate.
In the limit of one-dimensional steady state recession the mass flux per
unit area psus is related to the laser intensity, which is assumed to be

entirely absorbed, by
Py Uy Ah = Io ,

where, as before, Ah is the enthalpy required to change a solid to a vapor

at the required conditions. The temperature and vapor pressure are related
as shown in Fig., 2.5, For the present estimates, a constant value of

Ah = 2,63 x 106 J/mole can be used. Under the assumption that there is
massive vaporization, the velocity of the vapor, denoted by u,» assumes

its limiting value, the sonic velocity, which defined by

uv=~/YR'1T.

where R is the ideal gas constant and Y is the ratio cp/cv. Furthermore,

using both mass continuity at the interfacae,

where pv is the vapor density, and the ideal gas law,

p=p,RT ,

-..- obtain the approxirnate relationship

-24-
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P =L v ' (2,9)

or
[atm] = 8.2x 10771 [W/cm?
) = 8.2 x 1L cm | . (2. 10)
Equation (2.9’ is expected to predict reasonable values of the pres-
sure whenever steady state recession is approached. Immediately after
i vaporization commences, the pressure is higher than the steady - ate value,
but for the time scale requii'ed to obtain appreciable vaporizatioi the steady §
! siate pressure is representative of the average pressure. f

Several values of p as determined by Eq. (2. 10) are given in

Table 2.4, The equation breaks down for low pressures because U is

P R e R W AP

no longer the sonic velocity. It should hold, however, for the pressures
of interest, that is, for pressures greater than two or three atmospheres.
From Eq. (2.10) then, a reasonakle threshold intensity for production of

This criteria agrees well with the observed

. .'. a pure vavor is 3 x 106 W/cmz.

threshold, which suggests that a pure vapor cloud is indeed needed.

The pressure calculation does not invelve the particle radiusy it only
demanids that the particle be large enoughkito justify the assumption of
steady state recession. Therefore a lower limit has been calculated which
is valid for the production of a pure Al_O_ vapor over even a semi infinite

: 2 3
' plane. If breakdown does indeed require a pure cloud, then large particles

should have the same intensity threshold as the 30y diameter particles of

To summarize, the rough estimates of the time to the start of vapor-

ization, the time to vaporizs an arbitrary fraction of the particle, and the

H
l; vapor pressure above the interface are consistent with experimental observa-

‘ tions of the delay time. Furthermore, it has been shown that the threshold for

.25-
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TABLE 2.4

Pressure as a Function of 10. 6 Laser Intensity for
A1203 - Assuming Steady State Recession and Rapid Vaporization

| ; Io [W/cmz] p [atm] Tva.[:aor [K]

10° .82 3960

2x10 1.6 4110
3x10 2.5 4210
4 x10 3.3 4280
5x 10 4.1 4340
6 x10 4.9 4390
. | ' 7x10 5.7 4430

8 x10 6.6 4470
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production of pure AIZO3 vapor is about 3 x 106 W/cm2 for 10, 64 radiation.

Finally the time required to produce the vapor cloud is a significant portion

of the delay time observed before breakdown.,

The final subject to be discussed in this section is how these predic-
tions for vapor production change as the laser wavelength and particle
composition are altered. For the calculation of Te the important quantities

are the energy required to vaporize a unit volume, p Ah, and the energy

T

deposition rate per unit volume, denoted by @I. It is important that

the maximum value of g1 be used. For g R »» 1 the maximum oegcurs at the

front surface, but for ¢ R €€ 1 the maximum value may oecur at

R

the back of the particle because of focusing effects. SiO2 particles may show
this effect. The time to vaporize a given fraction § of the particle is once

again given by Eq. (2.7). Only the composition of the particulate affects

p Ah, but both the composition and the wavelength affect F, The pressure
of the vapor is related only to the composition, under the assumption
that the recession rate is steady. This assumption, however, is valid
only if t"e laser energy is absorbed reasonably close to the surface;

therefore the applicability of Eq. (2.9) depends upon laser wavelength

as well as composition. As a final comment, it should be noted that
A1203 has a small imaginary index of refraction at short wavelengths., .
In fact,at 3.8 ,the bulk absorption coefficient is of the order of .3 cm
rather than 2370 cm-l. The particle is effectively transparent and does
not vaporize. Long pulse Al _O, induced breakdown at 3, 8 4 will not occur

23
at the intensities studied here, although it may still occur at these intensities

for other particulates.
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3. VAPOR CLOUD HEATING

The second stage of the long pulse breakdown process is the heating

of the vapor cloud by the laser. In this sectiontwo simple models are used

to estimate both the time to heat the vapor to 20, 000°K and the threshold

intensity below which the vapor will not heat. One model is appropriate

for short times; it assumes that the vapor in the center of the cloud is

effectively insulated from the cold air by the outer layers of vapor. The

other model is appropriate for longer times and slow heating. Thermal
conduction is able to establish a temperature profile wherein the losses
are effectively distributed over the complete vapor cloud. In both models
the heating is assumed to occur slowly enough that the pressure remains
constant and the composition of the vapor cloud is determined by thermo-
dynamic equilibrium. The constant pressure assumption is reasonable
since the heating is known to take several microseconds, whereas the
characteristic time for equilibriating pressure is of the order of . 3 micro-
seconds. The chemical equilibrium assumption, at least in the beginning
stages, involves the rate of dissociation of molecules. Characteristic

times for establishing chemical equilibrium at 4, 000°K are also expected

to be less than a microsecond.

3.1 Initial Conditions
Before the models can be exercised the initial conditions must be

determined. Since the pressure equilibrates with the surrounding air within
« 3 microseconds, the vapor cloud starts (and remains) at vne atmosphere.
The initial temperature is then expected to be near 4000°K - otherwise the
 vapor should liquify. A more accurate estimate of the initial temperature

can be calculated as follows: Given a value of the incident laser intensity Io’

o f'ﬁ:,;?.‘.;';a“:q. Ree PRl
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3. VAPOR CLOUD HEATING
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The second stage of the long pulse breakdown process is the heating

of the vapor cloud by the laser. Inthis sectiontwo simple models are used

)

to estimate both the time to heat the vapor to 20, 000°K and the threshold
intensity below which the vapor will not heat. One model is appropriate

for short times; it assumes that the vapor in the center of the cloud is

e b o e 2

effectively insulated from the cold air by the outer layers of vapor. The
other model is appropriate for longer times and slow heating. Thermal :
conduction is able to establish a temperature profile wherein the losses

are effectively distributed over the complete vapor cloud. In both meodels

the heating is assumed to occur slowly enough that the pressure remains

constant and the composition of the vapor cloud is determined by thermo-

dynamic equilibrium. The constant pressure assumption is reasonable

i since the heating is known to take several microseconds, whereas the

T sl b ki e 2 AR e e

i : characteristic time for equilibriating pressure is of the order of . 3 micro- :
seconds. The chemical equilibrium assumption, at least in the beginning ‘

stages, involves the rate of dissociation of molecules. Characteristic i

times for establishing chemical equilibrium at 4, 000°K are also expected

o« e o 1

to be less than a microsecond.

3.1 Initial Conditions

Before the models can be exercised the initial conditions must be

T b s L e

determined. Since the pressure equilibrates with the surrounding air within
. 3 microseconds, the vapor cloud starts (and remains) at one atmosphere. *

The initial temperature is then expected to be near 4000°K - otherwise the

vapor should liquify, A more accurate estimate of the initial temperature

can be calculated as follows: Given a value of the incident laser intensity Io’

-29- i '

\‘.‘ i
. :’ﬁ‘wﬁ - vq.q i

‘Y ‘vl‘aﬁ ‘Ut Sy N

. o - ’
ek b Bttt Stanch i bl TR AT bt R 3 it D ER L P TC TP R NS DO -t OIS NEITWC I o WOV 0 Sentiomtne Akt e .j




T RTINS, s e

ekl Il L e i AL L Ldier S AL A

e Ay e

the vapor temperature Tv and the pressure P, of the vapor at the surface
of the particulate are found from Fig. 2.5 and Eq. (2. 10) respectively.
The vapor expands to one atmosphere in a fraction of a microsecond,
Therefore, the laser heating during the expansion should be negligible

and the initial temperature Ts of the vapor cloud corresponds to isentropic
expansion of the vapor from P, and Tvto one atmosphere and TS. A plot

of Ts versus p_ for Al 03, as determined by the equilibrium code, is

given in Fig. 3.1, Of zparticular interest are the values 3940°K and 3870°K
which are reached when the laser intensities are 3 x 106 W/cm2 and

8 x 106 W/cm2 respectively. These values straddle the iw..cresting range

of intensity. Since the values of Ts lie so close to the normal boiling

point the calculations performed in this section are made with a constant
initial temperature of 4000°K. For completeness, however, the various
physical parameters are evaluated for temperatures as low as 3500°K.

The last paramcter to be determined is the initial vapor cloud size. A
fraction f of a A1203 particle which is 15y in radius produces a vapor

cloud at 4000°K and one atmosphere whick has a radius of 392(5)1/3microns.

3.2 Physical Parameters Required by the Models

The local equation governing the temperature history of the vapor
is
(T)e (T) 2=k "(T)I -9 S-9+ A (T)VT 3.1
P o] at L o c (3. 1)

where p is the density, cp the specific heat, X the effective laser absorp-

tion coefficient, S the radiative flux produced !I;y the vapo_x: ar_:ii kc the R
coefficient of thermal conductivity. Approximations for v* S and V. )‘c v T,
which are made later in this section, depend upon the vapor cloud radius

R (T). The use of the incident laser intensity Io throughout the entire

volume assumes that the cloud is transparent to laser radiation. The
-30-
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values of K L. and R determined in the following subsections justify this
simplification. In the subsequent subsections, the physical parameters p,
cp, R(T), KL'(T) and xc(T) are discussed, and the models for ¥ * S and
v XC-V"I‘ are described.

3.3 Parameters Determined by the Equilibrium Code
The equilibrium code gives the density, enthalpy and specific heat

of the vapor in additiun to the concentrations of the various species. In
Fig. 3.2 we plot the procuct p cp. The large values at low temperature
indicate that a large fraction of the total energy must be supplied in the
initial heating. In Figs. 3.3 and 3. 4 the mole fraction of the various
species are shown. Figure 3.3 gives the composition for low temperature
where many molecular species are present and rapid variations in the
composition occur within a few hundred degrees. Figure 3.4 displays the
relative concentration of ions, electrons and atoms over the complete
range of temperature of interest. The density of the vapor can be used to
determine the radius of the vapor cloud. In Fig. 3.5 the radius is given
as a function of temperature for three values of B,
3.4 Laser Absorption Coefficient

Two types of transitions can absorb laser radiation: free~free transi=
tions of electrons during collisions with heavy particles, and molecular
transitions between states of different vibrational and rotational quantum
numbers. The electron transitions - called inverse Bremsstrahlung - absorb
for any wavelength of laser and their absorption cross section scales roughly
as wavelength squared. Molecular transitions, on the other hand, occur
over limited frequency bands, and a change of laser wavelength may strongly
enhance the absorption or eliminate it entirely.

The inverse Bremsstrahlung absorption coefficient is given by

'V -1,43883 w/T 2
KL =(l-e ) Qi n n (3.2)
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~h_is Planck's constant, k is Boltzmann's constant, e is the charge of the

where w is the wave number of the laser radiation in cm-l, T is the

L s s
termpserature in K, n, is the concentration of electrons, n. the concentra-
1

h ‘
tion of the it species and Q, the average cross section for ibsorption of ;
a photon of wavenumber w by an electron colliding with a particle of species i. i
For charged species the cross section can be approximated by the product

of the Gaunt factor E, given by Karzas and I..:e).t‘.:er,18 and the semiclassical

formula 6f Kra,mer:19 :
a 4 - om 1/2 e Zu1 . 3) 3
i~ 3 B\3m kT 4 3 . :

¢ m h w

where w is the wave number of the radiation, m is the mass of the electron,

electron, c is the velocity of light and Zi is the charge of the particle in

units of electron charge.
The cross section of the neutral species is not accurately known

although typical values are of the order of 10~ 36 cm . We used the following

estimates of Q for the neutral species. For Al, a highly polarizable atom,
20
the expression of Hyman and Kivel and the polarizakiiity given by Teachoaut

21
and Pack were used to predict the cross section

Q,, = .64 (T/10°) 10736 . (3. 4)

A

The crous sections for O and O, were deduced from the experimental values
given by Taylor and Ca.ledonia.22 All others were guessed by using the
predictions for Al, O and 02 as guides. The cross sections used herein are
listed in Table 3.1, The prediction of neutral and charge inverse Brem-

sstrahlung absorption coefficients for 10.6 u radiation and equilibrium Alz O3

vapor at one atmosphere are plotted in Fig. 3.6. The total inverse Brem-

sstrahlung absorption coefficient is shown as well. The rapid iuicrease of

k' with the temperature suggests that the initial heating of the vapor accounts

L
for most of the time consumed in the vapor heating stage. Electron-neutral

inverse Bremsstrahlung dominates in the low temperature regime.
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TABLE 3.1

, Species Estimated Q for 10. 6 Radiation
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The other mechanism whereby 10, 6 4 radiation can be absorbed in
molecular absorption. Among the molacular species in Ale3 vapor only
AlO has its vibration-rotation band near 10,6 . In order to estimate the
absorption accurately the precise wave nurnber of the laser line is required.
The laser used in breakdown experiments lases mainly on the P(20) line of
COZ' although it often fires on the P(18) and P(22) line a.ls4o. 23 The wave
numbers of these lines, as given by McClatchy and Selby = are listed in
Table 3,2, For the temperature and pressure of interest the lines of the
AlO vibration-rotation transitions are narrow; therefore the absorption
coefficient must be calculated by summing the contributions of individual
lines rather than by using an overlapping line model, We used the following

method to compute the absorption. The energy levels of the AlO X 2)_."+ state

are given by

2 1
= - - + J(J+1) - +=)J(J+1
ev’ ;=Y (me w, xe) V©w x, Be ( ) o, (v 2) ( )

(3.5)

- [De+(v+%)ae][J(J‘+1)]2 forv20andJ=z0.

The zero of energy is chosen to be € o and the values of the constants
H4

2
as reported by Sulzman > are listed in Table 3.3. The R branch transition

R . . .
(Av = 1, AT = 1) from the v, J state has wave number w, g which is given by
]

R 1 .
w, 7 =W, - 20X, (v+1)+2(v+1) [B_-(v+3)e J-a [T+1][7+2]

(3. 6)

-4[De+(v+%)ae] [J‘+l]3-Be(J+ 12 (7+2)%  forvz0, 720
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_ TABLE 3.2 ’
, Precise Wave Numbers of COz Lines (From Ref. 24)
; ) ‘ £
- P(22) w = 942,380 cm™* .
P(20) ® = 944,190 cm” " |

P(18) ® = 945.976 cm” !
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TABLE 3.3

Molecular Constants for AlO X 22+ State
(From Ref. 25)

w = 979.23 cm'l
-1
w X = 6.97 cm
-1
B = ,64136 cm

o = ,0058 cm-1

D = 1.08x10°%cm™}

2 x 10_8 cm-1
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whereas the P branch transition (Av = 1, AJ = - 1) has wave number w, J.P
’

i given by

P 1 3 1
“N,7 =we-2wexe(v+”-2J [Be-(v‘LE)ae]-J(J-l)a'e+4‘r [De+(\’+'£)ﬂe]
AR (3.7)

-J'z(.]‘+l)25e forve0andJ=1.

PR R N TR R

The Q branch transition (Av = 1, AT = 0) is not present for a

% state. Interms of the mtegrated cross section for a given R branch

3 S i e ey

transition, which we denote by .__TI. f R, the integrated absorption
me ' J pti

i coefficient for the transition is

Dot s o 30 R P

2
en ; P) (3. 8)

- -1.43883 ¢ /T
Vs, J
(mc vV, J

é
2e

; f Ky (wWdw=n

L L AlO 2, v.1

line

g puace) ramaeamrTy e

where 2 is the partition function for AlO, including electronic,

vibratio::iv’aid rotational states, 2 is the electronic degeneracy factor
of the ground state X 2 » M0 is the concentration of aluminum oxide mole-
cule, e is the charge of the electron, m is the mass of the electron and
c is the velocity of light. An analogous formula holds for the P branch
transitions.

The detailed line profile L (w) must be used to determine the
absorption coefficient at the laser wavenumber. Two mechanisms broaden

the molecular rotation lines: (1) Doppler broadening which has a half-half

width given by

1/2
2KkT 4n2 -7 T -1
by = = wo=3.6x10 vK wo[cm ] (3.9)
Mc )
=43
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where W, is the wave number of the line, M is the mass of AlO and A is
its atomic weight; and (2) collision broadening which has a half-half width
bc. The parameter bc. for most molecules, is of the order of . 08 cm.1
at 300°K and 1 atmosphere, and it scales roughly as l/J’I_‘ at constant
pressure. Inthe regime considered here, collision broadening is

5 times larger than Doppler broadening, so that the Voigt line profile

2
closely ressembles a Lorentsz profile 7 with an effective half-half width

given by
bc = bD + bc (3. 10) j
:
The profile function is then given by 3
b j
Liw) = 20— (3.11)
b"+ w-w) :
°
The total effective absorption coefficient for a laser line Wy is determined 4
by summing over the contributions from all lines and by then multiplying ,
-1.43883 wy /T, . : . - . E
by (1 - e ) in order to include simulated emission. Applying i
3

this procedure to Eq. (3.11) and (3. 8) we find

it b g b e

. -1,
: ( 1.43883wL/T) e2r 270 Z 43883eV’J/T
K =11 -e e
L mec Z Lv. T
eLVald VI
(3. 12)
R
R P P
f\),J va J/“ fv,J bv. J/“

2 2 2 2 !
R R P P
(bV.J> +(“’v.:r"”L> (bv,J‘> +(‘”v,1 ‘”L> ,

v JR and b\) J.P are the half-half widths of the R and P transitions
» »

respectively, from the v, J state.

where b
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The final ingredients needed are the f numbers of all the transitions.
Fortunately the f numbers of different vibrational-rotational transitions

are related by simple formulas, The quantum mechanical formula for the

f number is

8ﬂ2m czm 2
£= - M| (3.13)
3hpe °

where Me is the electric dipcle moment of the transition, m, is the mass
of the electron, c is the velocity of light, hp is Planck's constant, e is the
charge of the electron and w is the wave number of the transition. Only

w and Me change for different transitions. For a molecular system with
the energy levels approximated by an harmonic oscillator, the only
transition moment is between adjacent vibrational states, Av =1,
Furthermore the strength of the transition moment is proportional to
(v+1)., (Hereafter we call this the harmonic scaling law). Finally the

relative strength of the two allowed angular momentum transitions are given

" J+1 ‘e J .
by the Honl- London factors: 27+ 1 for R transitions, 2T+1 for P transi-

tions,

Therefore, if the f number for one transition, say theR transition

forv = 0, J = 0 is known, the f numbers of all other transitions are given by

R
w
R J+1 RY, T
.73 2771 Wt~ R
_ o, 0
(3. 14)
P
P J R Y,
£,,1 5 27+1 ("“’foow R
0,0
-45-
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The value of f has been theoretically predicted by Michels. 28 One
model he used predicted f = 8.58 x 10-6 for v = 0, and transitions from
high v states were found to be close to (v + 1) f, Furthermore, Av # 1

transitions were surpressed. Unfortunately another model led to the value

k!
!
E
i
1
1
3
3
i

f=1.25x 10-5. However, for the most importaut transitions in our

calculations, the transitions from the v = 5 state, strong anharmonic effects

in the second method of calculation reduce the f number to 5,15 x 10-5

which agrees well the value 6 x 8. 58 x 10-6 which is given by the first

model and the harmonic scaling law. Therefore, the f number of

6

8.58 x 10"~ and the harmonic scaling law were used in our calculations.

29 and

We assumed that the value quoted is correct for the { transition,
that Eqs. (3. 14) define all the other required f numbers.
Calculations of the absorption by AIZO3 vapor for the P(18), P(20)
and P(22) lines of COz
fO, 0= 8-58x 10-6 and b_ = . 08/300/T . The results are shown in Fig. 3.7.
The dominant laser line, P(20), is seen to be also the most strongly absorbed;

were performed by using Eqs. (3.12) and (3. 14),

hence breakdown most likely occurs when the laser lases on the P(20) line.
All subsequent calculations therefore assume the laser fires on the P(20)
line. The total absorption coefficient is plotted in Fig. 3.8. It can be
seen that molecular absorption in A1O exceeds inverse Bremsstrahlung
absorption in the crucial low temperature regime.

The molecular absorption coefficient is very sensitive to two factors -
(1) the position of the laser line and (2) the collision broadening of the lines.

In our calculations reliable values of the line positions were used, but the

collision broadening was only estimated. If the true half width is much
larger than the value used here, absorption is enhanced; if it is much -
smaller, absorption is hinderad. More accurate predictions of molecular

abtsorption require reliable values for the collision half widths,

wdf-
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The molecular absorption contribution and inverse Bremsstrahlung
contribution are also plotted,
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3.5 Thermal Conduction Losses

The dominant loss at low temperature is thermal conduction of

energy from the hot AIZO3 vapor into the cold surrounding air. The

losses at any given time depend upon the local temperature profile, which

itself is determined by the past history of vapor production, laser heating
and thermal conduction losses. In this report, however, a simplistic
model has been adopted wherein there is no significant heat addition or loss
E . during the production of the vapor cloud, and, once the cloud is formed,

it heats without further production of vapor from the particle.

The magnitude of the losses from the vapor cloud due to thermal

conduction are estimated by determining the losses from a sphere of
: radius R(T) which is maintained at a constant temperature T. The 'osses
are therefore characterized by the thermal behavior of the air; that is,

by solving the equation

: T 1 2, QT
: (p cp) gt— =—£ —_ <r A ~) (3. 15)
r

in the region r @ R, where p cp and )‘c are the density, specific heat, and
equilibrium thermal conductivity of air. In making this approximation, it
b has been assumed that the transport of energy caused by the diffusion of 1
f A1203 vapor into the air and the simultaneous diffusion of air into the A1203
5 vapor i.s well approximated by the self diffusion within air itself. This

i approximation seems reasonable since the diffusion velocities of all heavy

1 components are expected to be of the same magnitude.

The time dependent solution of Eq. (3.15) for constant )‘c and

£ L0 S e N s IO e et

o) for initial air temperature TO and for vapor temperature ’I‘v is given
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[
R _“2 du
(T - To) = (TV - To): e (3.16)
|r-Rr|
e 2/ Kt
: where K is the diffusivity Xc/p cp. The energy flux at the surface of the
: vapor cloud is simply
oaer| AT L R .17
| dr R Jr Kt ) )
r=R
For short times the transient term R/Jit Kt can dominate, but for long times
the conduction losses approach a steady state value of ) (Tv- TO)/R.
The steady state limit can also be determined for variable )‘c (T).
The requirement that 3T /3 be zero reduces Eq. (3.15) to
2 nT) & = constant. (3.18)
: dr
Invoking the conditions T (R) = Tv’ and T(r » ») = To' we find
: T(r) ’I‘v
| r / AMT) dT = R/ A(T) 4T (3.19)
T T
: o o
The flux at the surface is then given by
Tv
T/ AMT)dT
_AdT - 2 . 0

r=R
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The quantity fldT for air is plotted in Fig. 3.9. The values of A\ (T) were
taken from Yos~ ' for T = 2000°K and from Ref. 32 for 2000°K = T > 300°K.
Thermal conductibn losses are calculated as surface fluxes. It is
necessary, however, to know how thoge losses are distributed within the
volume of the hot vapor cloud. For short tindes. the losses occur entirely
within a small layer of vapor 2djacent to the cold air. At long times, a
situation is reached whereir. the iosses are spread uniformly dver the
vapor volume. Therefore it is important to determine when the losses

R}

affect the vapor cloud as a whole, ratne. -~ -~ " .u:e outer layers. A
crude estimate has been made as follows: The solution for the conling of
a sphere initially at temperature Tv’ in the absence of any hest .sources,

is given in Ref. 33, Inspection of a plot of the sclution suggests that the

central temperature drops 5% when A/Kt:/Rz = ,25. Assuming that thermal

conductivity of A1203 vapor is the same as air, .kc = 5,85 x 10_3 W/em K,

and using p cp of the vapor at 4000°K (1.3 x 10-'3 J/cm3), we find the time
at which the losses affect the whole volume to be 17 usec for the cloud

formed by evaporating 65, 8% of a Al2
time will be used in subsequent calculations to determine when thermal

O3 particle of 15u radius, This

conduction effects are important,

3.6 Radiation Losses

The radiation losses were computed for a sphere of A1203 vapor
assuming that atomic line radiation, atomic recombination radiation and
Bremsstrahlung were the important contributions. This assumption is
valid at high temperatures where the radiation lnsses from the plasma
and radiative transfer to the surrounding air are putentially important
factors.

The absorption coefficient for inverse Bremsstrahlung was deter-
mined from Kramer's formula (Eq. (3. 3)) with a constant Gaunt factor
of 1. 6. The calculation of the absorption coefficient for bound-free

1
transitions included the transitions from all the levels listed by Moore.
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Fig. 3.9 Integral of Equilibrium Therma! Conductivity of Air from 300°K to T.
Steady s ate conduction loss per unit voluine irom sphere of radius R

is given by 3 J‘x aT /R2.
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Estimates of the cross section of photoionization of the ground state were

taken from an survey of experimental-data by Hudson and Kieffer 34 for

S Y
%

Al and from the theoretical calculation by Thomas and Helliwell35 for O.
The cross sections of all higher states wexre determined by the bydrogenic

. . 3 . .
approximation. 6 The inverse Bremsstrahlung absorption coefficient

e

and the photoicnization absorption coefficient were added together to
yield an effective continuum absorption coefficient. The total surface

flux for continuum radiation, including the effects of reabsorption, was

then determined for a sphere of uniform temperature T and radius R(T)

-

The flux attributable to atomic line transitions was calculated for

the lines and f numbers listed by the NBS tables for A1+, A137 and O, 38 The

widih was determined by the Stark broadening parameters of Griem. 39 The

R Ty, e £ e

flux from. each line was computed without including the effects of other

T

lines or the continuum, but reabsorption b the line itself was properly

N

++ +
included. The neglect of Al  and O atoms, as well as the oimission of
other broadening mechanisms,cah be justified by simpls estimates of

their contribution to the overall fiux in the high témperature region.

e SRR T e,

Stark broadening dominates except at low ternperatures where radiation

: . ~+ ++ . s
is uniinportant. The O and Al ions may be plentiful, but their

emission ocrurs in the extreme ultraviolet which is an unimportant region

of the radiation spéctrum;
The predictions for B = ,125, .658 and 1.0 are plotted in Fig. 3.10,

lie continuum radiation tends to be small and transparent. The dominant

T U R R T T T 4 I 7 e

losses are from "blacls' lines. The losser are seen to be very small at

low temperatures; however, they increace rapidly and dominate over

thermal conduction above 14000°K.

The calculations discussed above are suitable for high temperatures.

L W e e e Lxe m o L, s

¥ At low teriperatures molecalar emission may be signifiéant. Fortunately the
only species which radiates in the important region of the spectral range at

low temperature is AlO. Furthermore it is the most prevalent molecule.
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Atomic lines transitions and photo recombination are the main
contributions.
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Therefore the contribution from all molecular emissions is expected to be

composed mostly of the transition from the B 22+ state to the X22+ state

of Al1O. The oscillator strength for all transitions (Av = 0, + 1) is40

1.12 x 10-2. The band occurs near w = 20635 cm-l. Assuming trans-
parernt emigeion,which is the maximum possible emission, we find the
radiation loss from molecular radiation to be 210 W/cm3 at 4000°K. This
loss is less than two percent of the absorption rate for Io =3x10 W.’cmz.

thus molecular emission is unimportant for the determination of heating

rates.

3.7 No Loss Approximation

Shortly after vaporization begins, a layer of vapor is produced
which protects the vapor subsequently produced from the cooling effect
of thermal conduction into the air. In Subsection 3.5 thc time for which
this prc*ecticn lasts was crudely estimated to be 17 usec for a 65.8%
vaporized particle. Therefore the first few microseconds of vapor heating
occur uninfluenced by losses due to thermal conduction. The '"no loss'

approximation, which is valid at short times, is described by

dT !
-_ = K :
p cp dt L IO ’ (3- 21)

and the time to heat the vapor to temperature T starting from an initial

temperature Ts is found from

T
1 pr
tp =T —-P—K. dT . (3. 22)
L
° 7
s

A plot of T versus Iot for 'I‘s = 4000°K is given in Fig. 3.11l, Since
similar plots for different choices of Ts correspond to shifts in the origin

of the fluence co-ordinate,negative values of fluence were included. The
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graph dramatically demonstrates that most of the time spent heating the
vapor occurs during the initial heating to 5000°K. Inthe "no loas"
approximation, the fluence required to heat the vapor from 4000°K to
20000°K is approximately 71 J/cmz. For comparison recall that the
fluence necessary to initiate vaporization is 41,4 J‘/t:rnz while the fluence
needed to vaporize a fraction P of the original particle having a 15
radius is 225 B J/cmz.

If the heating always occurred without losses, the time to vaporize
a particle and then to heat the cloud to 20000°K would scale as I t. This
scaling breaks down at low intensity for two reasons. The first reason,
discussed in Section 2, is that a pure vapor cloud cannot be produced.

A second reason is that the vapor does not heat sufficiently rapidly to allow
losses to be neglected. The time to heat the vapor to ZOOOOOK ‘s very
sensitive to the temperature the vapor cloud has achieved when losses
become important. Using 17usec as the time over which the ""no loss"
approximation is valid, we see from Fig. 3.1l that an intensity of 3 x 106
W/cmz heats the vapor to 4300°K before losses must be included. If the
intensity is 5 x 105 W/cmz, however, the vapor reaches 20000°K before the
17usec has passed. Thus it is only at the lowest intensities studied here
that thermal conduction losses become important.,

It should be noted that the model of constant pressure heating in
thermodynamic equilibrium does not accurately describe the rapid heating
at high temperatures. Even for a flux of 3 x 106 W/cm2 the model predicts
that the vapor heats from 10000°K to 20000°K within . 3 useconds - a time
of the same magnitude as the time required to equilibrate pressure and
maintain chemical aquilibrium. However, since the heating rate at high
temperature must be slowed down by a factor of ten in order alter che
total heating time significantly, the possibility of a non-equilibriun» vapor

is not pursued here,.
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. 3.8 Averaged Loss Approximation : j
Although the no loss calculations are applicable for strong beams, such o

as 8 x 106 W/cmz, as the intensity is lowered,the time to heat the vapor

k becomes longer than the maximwn time over which conduction can be neglected. o
F . A simple method of accounting for losses is to average them over the entire

BooY 1
3 : volume of the vapor. In earlier subsections I A dT and SRAD have been

determined. The temperature history of the vapor cloud in an averaged loss

approximation is described by

ar _ .t 3[adT
pcpdt L o

RAD (3. 23) i

R LE Aot

T ey

The first calculation to be made in the model is the threshold intensity ITH

below which the laser cannot heat the vapor. The right hand side of Eq. (3.23)

PR N OO X TN T NI iar e

must be positive for heating to occur, therefore the quantity

wk s F et SRt bl ed

e

7 -2 [rat +8
¢ R R RAD 3

o

e o ey

is the laser intensity which would just sustain the vapor cloud at a given

sl A s et da T

] temperature. A plot of Is permits the threshold intensity for heating of
v the vapor cloud to be determined by inspection. This quantity is plotted

in Fig. 3.12 for three choices of B.

- FrA iy sl ey

In no heating were to occur without losses being important, the P
threshold intensity is 1.9 x 106 W/cm2 for an entirely vaporized particle, | ]

The threshold scales as 9-2/3 for partially vaporized particles. Of course

it takes infinite time to achieve breakdown at threshold. Experiments i

|
g WO T e e

limited to a 100 usec pulse length should observe higher thresholds, since

’ the breakdown must occur while the laser is on.
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In order to compare the trends predicted in this section with

experimental observations, we focus on vapor clouds with B = 65, 8%

since these are the largest clouds expected to be produced within

100HMsec. From Fig. 3. 12 the threshold intensity is predicted to be

E 4.3 x 106 W/cmz if losses are always important. In fact, however,
SR some no loss heating does occur, and the threshold is lowered. At
3 | 6

4 x10 W/cmz we expect no loss heating to occur for ~ 17 usec at which
time the typical temperature will be 5000°K. There is then no problem
[ heating the cloud from this temperatureto 20000°K, even when losses are

included. A more reasonable estimate of the thre.iold is 3 x 106 W/cmz.

No loss heating raises the temperature to 4300°K. Then the vapor cah
heat at a rate determined by the averaged loss model. The additional

time to heat to temperature T is determined by

: T
é dT
‘ t = ° cp .
L T , Mar /
L K -

4300 L L3\ * Srap R

This number has been calculated for p = 65,8% and Io = 3 x 106W/cmz.

' The primary difference between the no luss time and the averaged loss

: time occurs during the heating to 5000°K. The heating takes 5 usec in

the no loss calculation, but it requires 27Usec in the averaged loss model.

The total time to heat the cloud is 17 usec to reach 4300°K, another 27 psec

to reach 5000°K and 2usec for all subsequent heating, The total time, including
the time to produce the vapor, is 60 usec if heating of the vapor commences

as soon as vaporization begins, but it is 96 usec if the heating does not occur

S g

until the full 65, 8% of the particle is vaporized,
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In order to demonstrate the importance of losses upon the heating
rate, we have plotted in Fig. 3,13 the time rate of change of temperature
for two laser intensities. The heating rates for the ''no loss' approximation,
as well as for the "averaged loss'' approximation with 8 = 1,0 and B = . 658,
are shown. The losses have only a small effect for Io =8x 106 W/cmz,
but they are very important forI_ =3 x 106 chmz. Indeed, the
temperature at which the transition is made from '""no loss" to ""averaged
losa" is crucial in determining whether or not breakdown occurs for B =.658
and I= 3x 106 W/cmz.

In summary the models for vapor heating predict that the vapor heats

in times consistent with the observed delay times for I 2 5 x 106 W/cmz.

The models also predict a threshold near 3 x 106 W/cmz, but the delay
time near the threshold cannot be predicted unambiguously.

If the laser wavelength were changed to 3.8\, molecular absorption
would not be significant and inverse Bremsstrahlung absorption would drop
by a factor of ten. The threshold intensity would therefore increase by at
least a factor of ten. However, it is possible that other particulates may
produce vapors which absorb readily at 3.8y, and which therefore may
heat rapidly at intensities well below the expected threshold for A1203.

Each particulate and each laser wavelength must be studied individually.
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'y 4. CREATION Oz AN AIR PLASMA
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; . . A single particulate cannot cause breakdown without first
. o creating an air plasma, since the vapor remains transparent to laser i

radiation. Recall that at 20000°K the absorption coefficient K 1: is ‘
approximately .6 cm'.1 and the radius R for an entirely vaporized particle 1
is only . 13 cm. Thus the maximum 6ptica1 depth is . 16. Ia this section i

~ a simple estimate of the time to create an air placsiua is n:ade.

First,the temperature at which the air «fficiently absorbs the laser

energy must be determined. We adopt the terminology used in laser E

supported combustion wave models and call this temperature the igniticn P

temperature Ti' For air the only absorption mechanism at 10.6 y is '

. R AT MR A S TR

inverse Bremsstrahlung. In Fig. 4.1 a plot of the absorption coefficient

of air is compared to the absorption coefficient for A1203 vapor. The

] air absorption rate equals the vapor absorption rate at 14, 000°K. When
the air reaches the 140000K, therefore, it is as effective as the vapor in
attenuating the laser beam. At intensities of interest, however, the air
may heat rapid.y at considerably lower temperatures. A plot of dT/4(t Io)

for air is shown in Fig., 4.2. Rapid heating occurs when the rate of change

i of temperature is 10000°K/u.sec = 1010 K/sec. For a laser where intensities
_ are near 5 x 106 w/ <:m2 the value of AT /d(t I ) should therefore be of the
E order of 2 x 103 Kcm /J. Onthe basis of th.e heating rate, the ignition
' temperature may he as low as 12000°K. i
; For simplicity we assume that the AL,O, vapor is at 20000°K. It

: transfers energy to the surrounding air and thereby heats a layer of air
to 'Ii. Once the temperature of the air reaches Ti' it is rapidly heated by

i i the laser to a high ternperature - assumed to be 20000°K in the calculations

w63~
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performed in this n3ction - after which the newly heated air can in turn

transfer energy to the surroundiné layere of cold air. The rate of

expansion of the plasma is given approximately by

dr _ ¥
o th (T) G = | @)

where p is the dénaity of air at one atmosphere and ZOOOOUK, Ah (Ti) i3 :

the energy required io heat air fromn 300°K to Ti and q is the eneréy flux

from the hot plasma. An assumpticn implicit in Eq. (4. 1) is that all the

flux q is effective in heating the air in the layer adjacent to the plasma.
The flux q has two components. For small radii, less than .05 cm,

thermal conduction is known to be dornina.nt.41 For large radii the energy

flux is controlled by radiation. ’ Herz we are dealing with a transition

zone in which both mechanisms contribute. In order to demoﬁstﬁ.ﬁe :fhat

the air is rapidly heated we specialize to a specific example. We choose

a particle which is 65.8% vaporize'd. From Fig. 3.5 the A1203 vapor cloud

is .09 cm in radius at the start of the air heating. The radiative flux

in the vacuum ultraviolet (VUV) is.approximately 5400 W/cmz. Of this~

radiation only 200 W/cmz lies in the range hv = 11 eV which is the spectral
region absorbed by oxygen and nitrogen atoms. The rest of the radiative

flux lies in the Schumann-Runge band of rm:olecular oxygen. The flux due

to thermal conductivity is given by (see Eq. (3. 17))

AT R 3
q= 1+ —
R o Kt Y,
which, for air at ZOOOOOK and t = 10-6 sec, is 1.5 x 104/cm2. Therefore
2
the total flux into the air from the hot Alzo3 vapor is 2.0 x 104 W/em™.
On the other extreme, once the plasma reaches .5 cm in radius, the

radiative flux in the region hv 2 11 eV is enhanced and becomes nearly
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-radiatipn. Ag A first ,,apﬁfo:dmation, tharéfore, a value of q = 2,0x 10

3. 8 x 104:',W/ gtnz‘go'tha,t 1\:hg- total ral&iétion is 4.3 x 104 w/ cmz. The flux

due tn thermal conduction is smal! because of the preheating caused by
4

| _W.-!cm,? is uged to characterize the full regime of interest. Thié leadsto

a slight overesﬁ:imate of the time necessary to produce large plasmas.

| The‘vvel‘ocity of the plasma front can now be estimated. For T, of
14000°K, we find dR/dt = 5 x 10* em/sec; and for T, 0£12000°K, QR;dt" :
increases to 7 x le4 cm/sec. At either rate the plasma doubles in radius
in less vhan two microseconds. ‘If' these estimates of expansion reni_ain
accurate for fad_ii as large as -5 ¢m, it takes 2 maximum of 8 mici-;aseconda

to produca a plasma 1 cm in diameter (and perhaps the time is a5 low as

6 usec). The purpose of these vcalculations is to demonstrate that the air

plasma forms very rapidly after the vapor reaches high tempez"aiturés.
The details of the growth of an air plasma are discussed in the next section.

The effect ‘b_f laser wavelength and particle composition npon this

 stage of 'fheﬁredkdown process is uncertain, The air heats at a slower

rate if‘fhe' ivaveie'hgth is shortened, However, at the intersities considered
here, the heating is still rapid. Since the laser is not directly responsible

fer the héating of the, cold air, the most important parameters arc the

tempei-a:;ure and size of the plasma core, not the laser intensity. Of course,

the temperature of the core is related to the laser intencity, but for the
intensities required tc iniviate vapor neating the core temperature of the
resultant plasma is expected to exceed 20, 000°K. In short, changes of

wavelength and particle composition are not expected to alter the estimates

_of this section,
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5. AIR PLASMA DYNAMICS

The previous sections have dealt with the absorption of laser
energy by solid particles, which are either completely or partially
vaporized, and the transfer of the energy from the vapor to the surround-
ing air. The hot air is ultimately heated via inverse Bremsstrahlung
absorption until the expanding air plasma becomes opagque to the laser
radiation. This p'asma propagation mechanism is similar to that of the
laser-supported combustion (LSC) wave propagation. For a given
particulate distribution, it is difficult to estimate the corresponding initial
air plasma bubble distribution for a given pulse time and laser intensity
because the particulates may not be completely vaporized. Hence, in
this section, we will examine the air plasma growth dynamics with the
initial size assumed to be given. For simplicity, we will also ignore the

presence of particle vapor which may be important in some cases.

Initial Conditions

The late-time air plasma growth begins when sufficient energy has
been transfered from the vapor to the surrounding air such that the
high ten.perature air plasma begins to absorb the laser energy directly.
The initial size of the air plasma depends obviously on the size of the
vapor which, in turn, depends on the original particulate size, the fraction
of solid that vaporizes and the laser intensity.

As mentioned before, the particulates of interest are primarily
Al O

273
culates to be 10 - 20 um and the pressure to be 1 atm. Assuming that the

S10,, and graphite. Now, consider the diameter of the solid parti-
solid particulates vaporizes at 1 atm and vaporization temperature 'I‘v and

that the equilibrium composition prevails at Tv’ one obtains the vapor size

(for complete vaporization) to be several hundred ym, Table 5. 1.
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Table 8, 1

Particulates Tv’ K Components at Tv l Vapor Diameter, um

AL, O, 3200 O, Al, AlO 30C - 600

Sio, 2500 sio, O, 230 - 460 i

Graphite 5100 C 420 - 840

% T A N TR AT T

~n
SIS L b ot IR Y

The particulates may not be completely vaporized and the vapor diameters

would then be less than the above values. Assuming complete vaporization,

B e s e

we arbitrarily take the initial air plasma size to be twice the average vapor,

] i. e., the initial radius Ri = 0.05 cmm. As will be shown later, the initial radius ; |
will be parameterized. Finally from the sffective laser absorption coeffi~ “

é cient for 10. 6 radiation in air at 1 at'.m,43 one finds that the absorption L

coefficient rises from 2 x 10-'2 cm-1 at 10,000 K to approximately 0.8 \':m"1

T

at 15000 K. For simplicity, we choose the initial temperature, Ti = 14, 000,

which can also be parameterized to assess the effects of Ti on the final

solution.

Laser Absorption and Plasma Emission

The phenomenology of air plasma growth involves coupled fluid

TR T ey TR T g s

SRty

dynamics and radiant energy transfer. As the air plasma grows, the

e T

energy transfer mechanism, which is analogous to that of laser supported

REEal el ot

combustion (LSC) waves, is dominated by radiation. Since radiation is

expected to control the maximum temperature and the expansion velocity

Rl S

of the air plasma, it is important to properly characterize the radiative

A

transport. The local radiative properties are determined by the effective

absorption coefficient for inverse Bremsstrahlung

WL RN Sy
B L . S o Y

m/kT)n

i bn b5 ik B Ver e e S

s S e

e
[n,+4n ]

~

3..1/2 +

gt (c2a ) R R
© Mo W )" T

v 8 3 3m k
e

(5.1)
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4/3 1/3

- I -
g = 0.55 4n 27(104) (p Xe)

where k is Boltzmann's constant; #i is Planck's constant; ¢ ia the speed of

light; m, is the electron mass; W, is the laser photon enexrgy; T is the
temperature; p is the pressure; Xe is the mole fraction of electron; and
n,» n, n , are the number densities of electrons, ions and double ions
respectively. Pirri et al, 43 have shown that the effective absorption
coefficient at 1 atm is approximately 0.8 for temperatures greater than
14000 K (cf Fig. 5.1). The initial diameter of the air plasma is of the
order of 0.1 cm or less. Hence the source term in the energy equation

can be asgumed to be volumetric absorption i.e., K\)I where I is the
laser intensity.

For the radiative ernission from t;he hot air plasma, Pirri et al,
have shown that it can be divided inio the transparent (# < 11 eV) and the

black {w> 11 eV) contributions. The transparent hand can be written as

q -1 . /KT
E =6.3x1001n | XL 2= +£2‘e air
T oll . q
alwr o]

where n_is the nuinber density of neutrals; Ia.ir

43

(5.2)

is the ionization potential

for air and q+/qo is the ratio of the partition functions of ions to neutrals.

The UV band (w> 11 eV),which accounts for most of the axial transport is

essentially black,and given by

»
E_ = /- B, dv= —QZL-j[ i dw
B -
V.
11 eV 1leV
where
PN
W=%T
-71-

(5. 3)
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Bv is the blackbody function and v is the frequency. For the present
calculations, we find that the cor*ribution from the transparent band is
negligibly small compared with the UV band and hence the plasma
emission in the following analysius will be represented by the UV band
alone. With the radiative transport model adapted as above, we can now
proceed to examine the air plasma dynamics by means of a perturbation
analysis.,
Perturbation Analysis

Consider a spherical air plasma of radius R. The governing equation

for the growth dynamics can be written as

'gf*é'?rﬂ* —z-ljﬂ=o (5. 4)
20, 2u__12p
a T % p ar (5. 5)
K I X
ds 8 __Vv_ 3w Ah_
Pa TP "T TR (“Aha)IBvd" (5.6)
< 8"80
p=(Y-1)pYexp(c (5.7)
v
2
Kv=c—'g-/7 (5. 8)
T
3
dR _ 2nkv :‘ e-hv/k'r (5.9)
Ahap‘c

where p is tho density; u is the radial velocity; S is the entropy; Yy is the
ratio of specific heats; Cv is the heat capacity at constant volume; Aha is
the enthalpy difference between the hot air at the edge of air plasma and
the cold ambient air; the subscript a indicates ambient condition; and t

and r are time and radial distance respectively. Equation {5.9) is derived i
by equating the UV band emission to the energy consumed by the ingestion
of cold ambient air which is then brought to the air plasma temperature.
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The above Eqs. (5.4) - (5.9) can be normalized by the following characteristic :
quantities; the initial sound speed, a = JyR Ti » the initial air plasma radius,

E
|

R § and a heating time, T. Then the nondimensional variables are
:
. ;='9-:;=2:E=£:;=—L-;...
S P, a T 2 .
1 P, &
i
t and the conservation equations become ,
£ - = a T ——
E 20 .p __.(E_‘L).+m]_o (5. 10)
! 3 - -
1 . or r
3
E _g_tg” gl R | °__]=o (5. 11)
g L ar P 2 _
= e a— - énv” kT -w, /T
pT é"—+B.::'I‘u-Q:—=a.l(\,-(lJrAA—hh—> zi%ue (5. 12)
: .3 dr a/ 1cC R
f 3 2 =
3R _ 2nv ko C T, -wi/T
\ % > T e (5. 13)

The characteristic heating time T has been defined as T = N Cv Ti Ri/I'
Two basic paramecters appear in these normalized equations, the Bouguer
Number, a = !\'i Ri which is the ratio ot the air plasma radius to the
absorption length at the laser frequency, and the Boltzmann Number,

g = Py Cv 'I'i a/l, which is the ratio of the convective energy flux to the
incident radiation energy flux.

i
o For the laser intensity of 106 - 107 w/ cmz, the initial temperature

of 14000 K and the initial pressure of 1 atm, the Boltzmann Number becomes

much less than unity. If each of the dependent variables in the nondimen-

sionalised equations is expanded in a series of functions whose coefficients

T S S P TR

are powers of B, i.e.,
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the equations can be reduced to sets of equations which appear as coefficients

| of B« The zero-order solution of the nondimensional momentum equation
P provides

i )

which indicates that there is no flow and that the growth of the air plasma
is by LSC wave mechanism alone. As a result, the problem is reduced to a

- solution of the energy equation and the LSC wave propagation equation.

i T AT

3 -—
*T, cqr 32 _ [y ,-bh Smv KT, T, -9/, 5.1
a o Ah 2 R_° (5. 14)
a 1C o

2

B e L TR

3 -
R, v kp C T, ~u, /T

= T e (5. 15)
ot 2 (o)
Aha. Pa C'1

Equations (5. 14) and (5. 15) have been solved numerically for 'I‘i = 14, 000 K,
P, = latm, R =.05 cm and laser intensity of 10%, 5 x 106 and 107 W/em?.

With the LSC mechanism alcne, the temperature typically climbs from Ti to

an almost plateau temperature in less than one Usecond. An example tempera-

6

ture profile for Io =5x10 W/c.m2 is shown in Fig. 5. 2. The air plasma growth,

on the other hand, is miniimal as shown inFig. 5.3, For a 100uzea pulse, the
final plasrna radii at the end of the pulse are unly 0. 057, 0.072 and 0. 085 cm

for laser intensities of 106, 5 x 106 and 107 W/t:m2 respectively. However,

3 as the intensity increases, the average pressure inside the ai r plasma

7 W,’c:m2 it is estimated that the

average over-pressure reaches 100 atm at an early time. At the same time,

the characteristic time for pressure equilibration at 14, 000K is estimated

S increasss rapidly. For exampie, at 10

to be 0. 3usec which is short compared with the pulse time of interest, i.e.,

M L T R L PR

100 usec. Hence, the air plasma growth becomes dominated by the hydro -
dynamic effects. In the following section, we will develop a model which will

i o b Rt A

ca VAT a4

..

LA v

8 sl e it

sl i ol § o4




*(19POJN @AM DST) TWSEl 31V UY Jo A30381H eanjesedwol 2°s ‘B

295 ‘aw}

s w0
‘.’ol‘*-}'c-.;,‘:-- LT
Ao

%-
Yo

vt b Iy

_ 0
ec_xm.. [ B

w500 = 'y

_
d A " Jdor

3 0001 = 1

/M

'viﬁgg

e

2 4 B

WeT -

76~

) £01 ‘adneladwa)

48t

PR TR

R L L U S - B Ny NIt T T U P L PR T S PV N SUORIE PR O ¥ . e s Ll el Lok P W I TRy




T T T et (R ane 2. b o AR Toie s
T B L T e . . N

(19POW 9AEM DST) ABSUSU] 99T JO UOHIUNS se symoan ewseld IV 94l €°§ ‘Fid
| 20577 ‘awn}
9°0 S0 A €°0 20 1°0 0

| ) | 3

7 i
CACh AL
B e
F §
i
i ;
oy ¥
H ¥
el
ey bt
A G
K [ A
¥4 PRI
Lk N
: P
. i #
re 8 Y
B g L
Ty 4
e o0 *
[ 293 -
- A A

5 ) 3

s - _‘-".h-

<4 10s0°

wo ‘snjpey ewseld J1y

2050° -




Tl
E3

fli s RS

TR Ry memm—m—r

TR PR R R T T T e e, | T

|FTITRES L TR P e

W T T

APTT—

incorporate both the ingestion of raass by the LSC wave ueci.anism and the

hydrodynamic expansion as a result of the ingestion.

The "Snow Piow' Analysis

Consider a spherical air plasma which absorbs laser energy. The
heated zone propagates outward with the same radiat.ve transfer mechanism
as the LLSC wave. This outward propagation ingests high density ambient
air. As a result of the mass ingestion, the average pressure rises.

Here it is assumed that the pressure is instantaneously equilibrated and
hence the density and the temperature are uniform inside the air plasma.

This high pressure air plasma is then ailowed to expand and ""push' away

the ambient air in a manner similar to that of the '"snow plow'". For simplicity,

the velocity profile inside the air plasma is assumed to be always a linear

profile, i.e., u= uR (t) r/R where u_ is the radial velocity at the air

R
plusma edge.

From the conservation of mass, one gets

do_ %2 Risc 2 gr
dt R dt = t

The first term on the RHS represents the increase of density due to the
ingestion of mass while the second term indicates the decrease of density
due to the air plasria expansion. Here the expansion equation includes the

flow velocity and the LSC wave contribution.

aR_,Pisc_  ,_TB (5. 16)
dt R dt R p_Ah
a a
Hence continuity becomes
do 3 I- £ EB 2
= = - - == 5.1
ad ~ R Ll p, | &h_ " R YR (5. 17)

From the momentum equation

LT 9=
ot p
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one can integrate over the complete volume of the air plasma. Remembering

p = p(t) and Gauss's theorem, we obtain
R(t) R(t)

2 (p-p.) -
[ -6-24ﬂrzdr+'1-j 33‘; anr? ar = ——2— 4pR-

ot 2 P
0 0

3 With the linear velocity profile assumption, the momentum equation can ]
: _ o
% finally be written as ‘ o
1 . . i

T YT M AT TR SN TR PRI
b 4 L A, VEPTIR  TALARRATE Ty " R . .

‘ ; Sup - 4(-p,) ' ug Eg ,
§ 3t Rp Ro, ah 3
E | For the energy equation, one has
S? a u — -E 1 ) . |
5 -— B * ufe + + = +Q g
a P v { P ( o2,
b ;
] : where € ic the internal energy and Q represents the radiative transport
A P N ,
} (the laser absorption and the plasma emission). Aga}mr, we average j
| the entire energy equation over the air plasma volume by integrating. Using K
; 1
s l the continuity, momentum and the expansion equations, one gets :
P | 3 3E !
b % 'R ( Ah B :
Bl —_— - + E - 1+ == :
P at 5pR (4pa 7p) a Aha Rp a
L (5. 19) ]
E 1

3
B Lo 2 .
: - 3¢ +— 3
# RpAha <1 a)(e 1o "R ) 1

i

.

: E
" b 'l
b :
» i
4 3
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-
: where Ea is the laser absorption term which can readily be derived for :
uniform temperature to be . g
; : D
| g =i |1, 1 e-ZRKV -1 (1 - eCZRK\'> ‘j
a 2pR 2 ZRKV (ZRKv)Z ;
. b
B andthe internal energy can be expressed as
¢=h(T) -2 ~ ;f
Finally, Eqs. (5. 16)~-(5,.19) together ‘\yi'th thve equation of state ;
p=pRT (5. 20)
provide five equations for the five unknowns p, T, P, R and up- The enthalpy
h = h (T, P) is obtained from the results of Yos. The above equations
have been solved numerically for an initial temperature of 14, 000K, initial
pressure of 1 atm and laser intensitiec of 106, 5 x 106 and 107 W/cmz. As
. shown in Fig. 5.4 for the case of Ri = 0.05 ¢m, the temperature distributions o
are not significantly different between the " snow plow'" model and the calcula-
tions considering only the LSC mechanism, because the energy equation is
dominated by the radiative transports. However, the air plasma growth -
rate has increased a great deal duwe to the hydrodynamic effects. For
Ri =0.05cmandI=5x 106 W/crnz, the air plasma radius doubles in
approximately 1 usec, (cf Fig. 5.5). One notes that the aeceleration occurs in f
an early time and for each intensity the velocity reaches a different plateau.
For all practical purposes, we can use the plateau velocity for each intensity i "
, to assess the air plasma growth rate in the pulse time of interest. ‘ ,
; S The plateau values of the expansion velocity are plotted against the laser ‘ z
? : intensity in Fig. 5.6. Since the particulates maybe only partically vaporized, "3 :
I s calculations have also been done for Ri = 0,025, 0.010 and 0.005 cm. For
¥ % -81-
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comparison, the results for R, = 0. 05 cm from the perturbation calculations

are also presented. It can be iobaerved that although the LLSC mechanism

is vital in ingesting the high density ambient air, the air plasma growth

is primarily a hydrodynamic effect, and that for a given pulse width a decrease
in Ri requires an increase in laser intensity in order to reach a given final
air plasma size. When the expansion velocity passes a value of about

3 x 104 cm/sec,which is the sound speed in the ambient air, the results

imply that there will be shock wave proceeding the air plasma front. This
phenomenon has not been accounted for in the present analysis. Consider

an arbitrarily chosen final air plasma size to be 1 cm in diameter, Figure 5,7
shows the intensity requirement for a given initial size air plasma to grow

to 1 cm in diameter in 50 and 100 usec. Suppose that we have a 20 cm
diameter laser beam with an intensity of 4 x 106 W/cm2 and the particulate .
distribution is such to provide an average intitial air plasma bubble size of

Ri = ,025 cm. Then, when the number density of these bubbles is greater

than 1.3 cm“2 across the beam, the air plasma will be able to fill-up the

beam's eross section in 50usec.
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6. SUMMARY ;

The features of long pulse breakdown in particulate contaminated

o

air which distinguish it from short pulse breakdown are: (1) low threshold

b i

intensities of the order of several megawatts per square centimeter,
g (2) long delay times of the order of tens of microseconds, and (3) the
' production of a luminous plasma several microseconds before breakdown

occurs. These features suggest that breakdown occurs via heating of

the particulate vapor at constant pressure and in thermodynamic equili- “

T 7T

brium, with the subsequent production of an air plasma through energy
transfer from the hot vapor. This mechanism is studied theoretically
in the four preceding sections, and the results of the investigation are

consistent with experimental observations.
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b As an example, consider an alumina particle having a diameter of
! 30u. When this particle is subjected to 5 x 106 W/cm2 of 10. 6y radiation,
: we predict the following time scales: (1) The particle is 50% vaporized within
f 23 microseconds, (2) The luminous vapor thus formed heats without losses
r and reaches 20000°K within i4 microseconds, (3) The hot vapor cloud i
transfers energy to the surrounding air, thereby enabling the air to absorb o
laser radiation. The radius of the plasma is doubled within 2puseconds.
(4) The air plasma expands from a radius of . 2cm to a radius of .5 cm
within 5 microseconds. (5) The fotal time from laser turn onto production
: of an air plasma one centimeter in diameter is therefore of the order of
44 micioseconds, which is in agreement with the data of Ref. 4

. Even though the model is consistent with experiment, there remain
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several internal inconaistencies which should be eliminated if precise

predictions are to be made. For example, the vapor production and vapor
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6. SUMMARY

The features of long pulse breakdown in particulate contaminated
air which distinguish it from short pulse breakdown are: (1) low threshold
intensities of the order of several megawatts per square centimeter,

(2) long delay times of the order of tens of microseconds, and (3) the
production of a luminous plasma several microseconds before breakdown
occurs. These features suggest that breakdown occurs via heating of
the particulate vapor at constant pressure and in thermodynamic equili-
brium, with the subsequent production of an air plasma through energy
transfer from the hot vapor. This mechanism is studied theoretically

in the four preceding sections, and the results of the investigation are
consistent with experimental observations.

As an example, consider an alumina particle having a diameter of
30u. When this particle is subjected to 5 x 1.06 W/cmz of 10, 6 4 radiation,
we predict the following time scales: (1) The particle is 50% vaporized within
23 microseconds, (2) The luminous vapor thus formed heats without losses
and reaches ZOOOOOK within 14 microseconds, (3) The hot vapor cloud
transfers energy to the surrounding air, thereby enabling the air to absorb

laser radiation. The radius of the plasma is doubled within 2useconds.

(4) The air plasma expands from a radius of .2 cm to a radius of .5 cm
within 5 microseconds. (5) The fotal time from laser turn on to production
of an air plasma one centimeter in diameter is therefore of the order of

44 microseconds, which is in agreement with the data of Ref. 4.

Even though the model is consistent with experiment, there remain
several internal inconsistencies which should be eliminated if precise

predictions are to be made. For example, the vapor production and vapor
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heating are clearly coupled since both processes operate over the same
time scales. Similerly the final stage of vapor heating, the creation of
an air plasma and the subsequent expansion of the air plasma all proceed
at similar rates and should be united into one continuous process.

Further experimental data would be helpful for making refinements
to the model. Experiments should be carried out with beams which are
uniform over the size of the vapor cloud, say .2 cm. If the intensity does
not remain constant throughout the pulse, the important quantity for
breakdown calculations is the fluence at breakdown, not the time.
Measurements made on a variety of different size alumina particles having
radii greater than 30y would aid in determining whether the observed
threshold is caused by a2 requirement that the vapor be pure or a require-
ment that the cloud be a certain size. The threshold intensity should not
change with increasing particle size if the threshold is related to the purity
of the cloud. On the other hand, if the threshold is related to the size of
the cloud, a larger particle will have a lower threshold. The composition
of the luminous plasma can be investigated by observing atomic line
spectra. The fluence at which the luminous vapor first appears reveals
information about the particulate vaporization time. Finally, of course,
comprehensive experiments should also be conducted with different
particulates and at different wavelengths.

In conclusion, we have shown that the long pulse breakdown of air
containing 30 micron alumina particles can be explained by a model based
upon laser heating of the particulate vapor with the subsequent transfer of
energy from the heated vapor plasma to the surrounding air. However the
mechanism depends upon several details of the laser - pa.r‘ticulate interac~
tion which cannot be easily extrapolated to different wavelengths or to
particulates having a different composition.
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